length, and the bistability can be controlled by the cavity loss. However, the width of the bistable region is relatively constant over a range of the cavity loss. The bistability can be used to widely tune the ring laser across the entire L-band. The output optical SNRs are 20-dB better than those in a linear cavity laser. These results may increase the usefulness of the dual-wavelength bistable phenomenon in practical applications. 
INTRODUCTION
Breast cancer is one of the most common types of cancer and a major cause of death among women. However, nearly 70% of the cases can be cured if detected in time.
Up to now, X-ray mammography seems to be the preferred method of diagnosis, but this technique presents important limitations [1, 2] . The use of confocal microwave imaging (CMI) is a novel alternative [3] that appears to be a promising technique to detect malignant tumors at an early stage (as small as 2 mm). Its working principle is based on the dielectric contrast between the malignant-tumor tissues and healthy/benign-tumor ones. In CMI, the breast is illuminated with low-power ultra-wideband pulses generated by an array of antennas located close to it. The scattered signals are collected at the antennas and, after some signal processing, the tumors are identified and discriminated from clutter. The antennas, which should be small, must have ultra-wideband performance operating in the appropriate range of frequencies in order to achieve adequate resolution and penetration of the signals into the biological tissues. Resistively loaded bow-tie antennas [3] , straight thin-wire dipole antennas [4] , genetically designed V antennas [5] , and so on, are some examples of antennas used in previous detection systems. These antenna systems, which are placed in a fixed position on top of the breast, consist of a single radiating element or a planar array of them, each of which is individually excited, and the field scattered by the breast is recorded in this same element. A signal post-processing algorithm serves to locate the tumor's position.
In order to be able to increase the number of signals to postprocess, it is desirable to be able to excite each element and record the scattered field at all the elements of the array. For this purpose, the mutual coupling between the antennas must be minimized up to negligible levels so as not to prejudice the detection process. In this paper, a planar array of antennas is designed and tested with this goal in mind.
A 2 ϫ 2 planar array of resistively loaded bow-tie antennas is printed on top of a lossy substrate that can freely rotate around the breast (Fig. 1) . The conductivity losses of the substrate permits us The rotation of this layout at four different positions around the breast provides us with a significantly increased amount of information to be processed, in comparison with previous designs. This paper is organized as follows: sections 2 and 3 describe the geometry of the proposed detection system and the characteristics of the simplified numerical model considered for the breast, the tumor, and antenna system. The signal processing method applied is presented in section 4 and some representative results are discussed in section 5.
ANTENNA DESIGN
Each element of the emitting/receiving array (Fig. 2) is a 2-cm bow-tie antenna. To remove undesired reflections at the ends of the antenna, and hence increase its bandwidth, the antenna is loaded with a Wu-King-like resistive profile [6] , whose conductivity varies linearly with the distance x c from the center of the bow-tie, according to:
where m ϭ 10 S/m is the maximum value of the conductivity, and where h is the semi-length of the antenna (here, h ϭ 1 cm). With the aim of decreasing the coupling between the individual antennas in the array, they are printed on top of a 4-mm-thick dissipative substrate with a relative permittivity of r ϭ 1 and a conductivity ϭ 10 S/m. Each antenna is fed at its center by a coaxial transmission line with the time derivative of a unit-amplitude Gaussian pulse having a frequency range between 1.6 and 11.4 GHz (full-width at half maximum). The scattering parameters S ij of the array have been computed and are shown in Figure 3 , both for when the antennas are located in free space, and when they are printed on the lossy substrate. Observe that the substrate reduces the mutual coupling between the antennas. Furthermore, it increases the bandwidth of the antennas, as shown in Figure 4 , where the time evolution of reflected voltage at the feeding point of a single antenna is plotted both in free space and when printed on the dissipative substrate (observe that the substrate provides an extra reduction of the end reflections of around 17 dB, as compared to the case in free space).
FDTD MODEL
The computational model of the breast consists of a half-sphere attached to an infinite half-space with the same electromagnetic characteristics as those of the healthy tissue, and the entire configuration is covered with a layer of skin. The tumor is modeled by a sphere located at an arbitrary position inside the breast.
So that the behavior of the model will be as realistic as possible, both healthy and cancerous breast tissues were represented by means of dispersive Debye-type media. An auxiliary differential equation form of the frequency relationship between the electric field and the displacement vector is employed, given by (2) with rs ϭ 10, rϱ ϭ 7, s ϭ 0.15 S/m, and ϭ 6.4 ps, for healthy tissue; rs ϭ 50, rϱ ϭ 5, s ϭ 0.7 S/m, and ϭ 6.4 ps, for the tumor; the skin is represented by a dissipative homogeneous dielectric, where rs ϭ rϱ ϭ 36 and s ϭ 4 S/m [7] . A classical material-independent FDTD D-B formulation of Maxwell's curl equations, together with a second-order accurate finite-difference approximation to the time derivatives in Eq. (2), has been employed in our simulation tool [5] .
DETECTION PROCESS
To obtain a microwave image of the breast, each antenna is fed individually and the scattered response is measured at every an- tenna. These signals are calibrated by subtracting the signal produced when the tumor is not present.
To locate the position of the tumor, the N calibrated signals, i (t) (i ϭ 1, . . . , N), recorded at each antenna are converted to the frequency domain, i () (i ϭ 1, . . . , N). Each harmonic component i ()e jt is delayed at each point inside the breast r ជ for a time t max Ϫ t i,ret (r ជ, ), thus we obtain
where we have taken into account that each harmonic signal travels at a different velocity in the dispersive dielectric tissue of the breast. t i,ret (r ជ, ) is the time required by the harmonic signal i of frequency to travel from the excited antenna to the point r ជ inside the breast and return to the receiving antenna that records the signal. t max is the time corresponding to the maximum pathway followed by the signal comparing all the possible antenna pairs, all the frequencies, and all the points in the study zone as follows:
Next, for every point inside the breast, a function in the time domain is constructed:
where 
Finally, an intensity function, I(r ជ), is defined, for each position inside the breast as
where T c is the time width of the incident signal, corrected by a factor that takes into account the deformation of the pulse as it propagates within the dispersive tissues of the breast and tumor. This correction factor was determined empirically for the cases studied, with T c ϭ 1.5T, where T is the actual time width of the incident pulse. The i shift functions are summed coherently if point r ជ belongs to strong scattering areas such as the tumor. Therefore, the function I(r ជ) is maximum at the tumor region and its representation in 3D serves to obtain the microwave image of the breast.
Although further improvements on the signal processing can be made [8] , this technique provides accurate enough results to test our system.
RESULTS
In this section, we examine the performance of the antenna system, described in the previous sections, for detecting and localizing breast tumors.
The center of a 40-mm radius breast is located at position ( x c , y c , z c ) ϭ (70, 36, 70) mm, and a spherical tumor with a radius of 2 mm is located at position coordinates ( x 0 , y 0 , z 0 ) ϭ (60, 42, 88) mm, eccentric with respect to the breast.
The antenna array is placed 1-mm above the skin and successively rotated to occupy four perpendicular positions around the breast. At each position, each antenna is excited as described, and the scattered signal is recorded at every antenna. Thus the system is equivalent to the scanning performed by 16 antennas and the number of signals processed is N ϭ 16 ϫ 4 ϭ 64.
In order to facilitate a precise repositioning of the antennas, increase its robustness, and shield the system from external electromagnetic sources, the system is mounted on a hollow lossy five-face parallelpiped, made of the same material as the substrate, one of whose faces is the substrate with the printed antenna, totally enclosing the breast under study (Fig. 1) .
The total FDTD simulation domain comprises 96 ϫ 96 ϫ 58 cubic cells, 1-mm side, and uses a temporal increment of 1.83 ps.
As a measure of the goodness of the detection system, let us first define a parameter D proportional to the distance between the actual and calculated tumor positions, given by
Assuming that the maximum error in determining any of the coordinates involved is only the FDTD cell size ⌬, the maximum value of D is
A value D Ͼ D max means that the error in determining the coordinates x, y, and z is not only due to the discretization error characteristics of the numerical method applied, but also to other factors that may be related to the algorithms involved in the detection process.
We first studied the four possible fixed positions of the array independently, separately processing the 16 signals obtained at each of them. That is, each of these subcases would be equivalent to using a four-antenna planar array located laterally with respect to the breast. Table 1 shows the locations of the center of the tumor obtained for each subconfiguration at the point where the intensity function, I(r ជ) is maximum, with error D in the detection process. It is observed that D depends on the relative geometric disposition between the array and the tumor and, as expected, the smallest error is obtained in the case where the planar array is located closest to the tumor position (D ϭ 0.82 mm).
For the grid used in this case (⌬ ϭ 1 mm) D max is 1.15 mm and only in two cases (antennas located in the z ϭ 113 mm plane and the x ϭ 113 mm plane) is the position of the tumor within the estimated limits of the discretization error. This result depends on the relative geometric disposition of the array and the tumor, as well as on the number of antennas used.
If, instead of processing the signals from each planar array separately, we calculate the intensity function at the zone under study by utilizing the scattered signals for all the antennas in all the rotated positions, that is, if 64 signals are used in the detection process, the center of the tumor is localized at ( x, y, z) ϭ (62, 42, 89) mm and the parameter D is 0.75 mm. This error is clearly smaller, as expected, than the error obtained in the best subcase of the planar geometries, thus indicating an improvement in the detection process when the array rotates around the breast. The 3D map of normalized intensities provides a microwave image of the breast and tumor. Figure 5 shows three sections of the structure of interest, where it is possible to observe the region occupied by the tumor (dark-red patches). The maximum value of I(r ជ) indicates the location of the center of the tumor.
Finally, let us point out that in the FDTD simulations it is important to consider the frequency-dependent characteristics of the malignant and healthy breast tissues. When we use the electric parameters for the central frequency over the interval involved, namely, with r ϭ 9.8 and s ϭ 0.4 S/m for the healthy breast tissue, and r ϭ 50 and s ϭ 4 S/m for the malignant breast tissue, the results obtained are different (see Fig. 6 ), thus leading to an extra error in the localization of the tumor.
CONCLUSION
We have proposed a new array-of-antennas configuration for the early detection of breast tumors using microwaves. The array comprises four emitting/receiving resistively-loaded bow-tie antennas printed on a dissipative material, which is able to rotate around the breast under study. The employment of a dissipative substrate reduces the mutual coupling and enhances the broadband characteristics of the antennas.
The antennas are excited in turn by a short electromagnetic pulse, with the scattered signals being recorded at all the elements. This rotation procedure, together with the reception of signals in all the antennas, significantly increases the amount of information received with respect to other nonrotating or monostatic configurations and therefore improves the accuracy of the detection process. In this preliminary study, analysis of the signal permitting the compilation of a microwave image of the breast-tumor system is accomplished by a simple process of coherent summing.
Further improvements to the signal processing, the inclusion of clutter (such as tissue heterogeneities) in the simulations, and more accurate material modeling are being investigated; in any case, the FDTD simulations presented suggest that the proposed system efficiently improves on previous antenna systems used in the detection of small breast tumors. The proposed array is currently being prototyped.
INTRODUCTION
With the development of wireless communication technology, specifications of microwave filters had to have high performance, for example, good out-of-band characteristics such as sharp-skirt characteristics and low spurious responses. Various concepts for improving the out-of-band characteristics of the microwave filter have already been proposed. Improvement of the out-of-band characteristics has frequently been carried out by using multi-stage resonators, filters with attenuation poles, and so forth.
Regarding the improvement of the out-of-band characteristics of the /4 resonator bandpass filter (BPF), a loaded-element resonator BPF, a stepped impedance resonator BPF [1] , and a coupled-line resonator BPF have been applied.
There are various methods for the excitation of the /4 resonator, such as direct-coupling, transformer, and tap-coupling. The advantage of tap-coupling to the resonator includes the control of the external Q of the resonator [2] . We have previously proposed an effective method for locating attenuation poles on the basis of a /2 resonator BPF using the tap-coupling technique. In this study, we propose a method for improving spurious responses of the /4 resonator BPF using the tap-coupling technique [3, 4] . The validity of our proposal for improving the spurious responses by the tap-coupling technique is verified theoretically and experimentally.
BASIC CHARACTERISTICS OF /4 RESONATORS
In this section, we examine the basic characteristics of the /4 resonator under the condition that the excitation method is changed. Figure 1 shows the schematic circuits of two types of /4 resonators. Type A of Figure 1(a) has been frequently applied for fabricating the conventional /4 resonator BPF. In the resonator of Type A, the external coupling C t is connected to the open-ended portion of the /4 resonator. In this circuit, Z 0 , ␤, and l are the characteristic impedance, the phase constant, and the resonator length, respectively. As for the resonator of Figure 1(b) , each 
